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Abstract 
Capping failure, edge chipping, and non-uniform mechanical properties of convex-
faced pharmaceutical tablets are common problems in pharma industry. In this paper, 
Finite Element Modelling (FEM) and Design of Experiment (DoE) techniques are 
adopted to find the optimal shape of convex-faced (CF) pharmaceutical tablet which 
has more uniform mechanical properties and less capping and chipping tendency. 
The effects of the geometrical parameters and friction on the compaction responses 
of convex-faced pharmaceutical tablets were first identified and analysed. The finite 
element model of the tabletting process was generated using the implicit code 
(ABAQUS) and validated against experimental measurements. Response Surface 
Methodology (RSM) was employed to establish the relationship between the design 
variables, represented by the geometrical parameters and the friction coefficient, and 
compaction responses of interest including residual die pressure, the variation of 
relative density within the tablet, and the relative shear stress of the edge of the 
tablet. A statistical-based optimisation approach is then employed to undertake shape 
optimisation of CF tablets. The obtained results demonstrated how the geometrical 
parameters of CF tablet and the friction coefficient have significant effects on the 
compaction behaviour and quality of the pharmaceutical tablet.  
Keywords: Capping failure, edge chipping, tabletting, convex-faced, DoE, FEM, 




Tabletting is the process during which pharmaceutical powders are compacted in 
a die to produce a pharmaceutical tablet as a solid dosage of medication [1]. The 
powders used in tabletting are complex mixture of several ingredients including the 
active pharmaceutical ingredient (API), excipients, lubricants, binders, fillers and so 
on. Manufacturing a high quality tablet is a challenging task as many well-known 
defects may develop during the compaction of powders such as capping, lamination, 
chipping and binding [2]. Generally, the tabletting process is influenced by several 
factors including formulation properties, process parameters such as speed of 
compaction, geometrical factors including punch shape and tooling dimensions, 
lubrication, and ambient conditions such as temperature and relative humidity. 
Investigating the influence of such factors without a knowledge-based exclusion of 
the insignificant variables may dramatically increase the number of experiments that 
are required to attain the proper knowledge. Therefore, the Design of Experiment 
(DoE) approach has recently received increased adoption to attain a scientific 
understanding of the manufacturing process in pharmaceutical industry [3], [4]. The 
main advantage of DoE is that it allows for developing statistical-based models that 
explain the relationship between variables and the observed quality characteristics. 
Such models can further be used in optimization algorithm for determining the 
optimal combination of various factors and enable manufacturing of pharmaceutical 
tablets with the desired properties [5].  
Issues in tabletting process can be investigated experimentally and numerically. 
Experimental techniques are expensive in nature requiring significant set-up with 
instrumentation and provide limited information pertaining to the process.  However, 
numerical computational modelling tools, such as Finite Element Method (FEM), are 
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very useful techniques providing access to unique results that cannot readily be 
attained from experimental tests. Recently,  modelling techniques were successfully 
implemented to attain a better insight on the various aspects of the tabletting process 
such as tablet failure mechanism [6], [7], [8], [9], [10],  temperature evolution during 
the process [8], [11], stress and density distributions within the tablet [12],  effect of 
punch shape [6], [13], and  effect of friction [14].  
Pharmaceutical tablets are produced with various shapes. Traditionally, tablets 
were manufactured as cylindrical items with flat ends.  More recently, tablets are no 
longer flat but possess more complexity in shape, such as convex-faced (CF) tablets, 
to enable better performance on post compaction processing such as film coating and 
product identification [15]. However, the convex-faced tablets demonstrate a greater 
tendency for capping than the flat-faced one [16]. Capping is the most common 
tablet’s defect in which a tablet is separated into two parts: cap and body. Evaluation 
of capping tendency and predicting its occurrence during tabletting is of great 
importance because capping heavily influences the quality of the tablets during the 
post-compaction processes such as coating, handling, packaging and transport. 
Therefore, researchers and scientists have developed several experimental and 
numerical methods for predicting capping tendency. Nakamura et al [17] developed 
an evaluation method of capping tendency using recovery energy during the 
relaxation phase and the plastic deformation energy during compression phase. 
Kuppuswamy et al [18] evaluated capping tendency using indentation fracture test. 
Furukawa et al [10] estimated capping tendency in single-radius and double-radius 
tablets using a simple method that is based on the variation in plastic strain during a 
diametrical compression test. Authors used numerical simulations to calculate plastic 
strains. The main causes of capping are not clear but most studies have postulated 
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that it may be related to the local stress concentration due to elastic recovery [12], 
[19], higher residual die pressure at the end of relaxation phase [16], [20] and poor 
strength due to weak binding between particles [21]. 
Successful compaction of high quality CF tablets, which contain uniform 
mechanical properties and low capping tendency, continues to remain a significant 
challenge. It requires a sound understanding of the impact of various process 
parameters on the product’s attributes and also finding the optimal settings of these 
factors that yield pharmaceutical tablets with the desired properties. 
Despite the abundance of research on the compaction of convex-faced tablets, the 
effect of the geometrical parameters of the tablet on the compaction process has 
received limited attention. Most previous studies [7], [22] focused on the effect of 
curvature and thickness whereas the effect of tablet’s diameter was ignored. Also, to 
the best of authors’ knowledge, shape optimisation of convex-faced tablets is not yet 
presented in public domain. Thus, in the present study, FEM and DoE tools were 
combined to study the effects of the geometrical parameters on the compaction of the 
convex-faced tablets. The DoE techniques were applied on the compaction responses 
calculated from the finite element modelling to systemically analyse and optimise 
the tabletting process in a quick and cost-effective fashion. Variation in relative 
density, residual die pressure, and relative shear stress of edge region were selected 
as compaction responses whereas the diameter, radius of curvature, and friction 
coefficient were set as design variables. The relationship between the compaction 
responses and geometrical parameters were described mathematically using RSM. 
The optimal geometrical factors that yield a high quality CF tablet were determined 
using desirability optimisation approach.  
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2 Materials and methods 
2.1 Powder 
Microcrystalline Cellulose (MCC) Avicel PH 102 pharmaceutical excipient 
(manufactured by FMC BioPolymer, Cork, Ireland) was used in this study. This 
excipient is widely used in pharmaceutical tablet formulations. The shape of MCC 
particles are irregular, with an average particle size of 100 μm and size distribution 
between 20 and 200 μm according to the manufacturer’s specifications. The bulk and 
true densities of MCC powder, according to the manufacturer’s specifications, are 
300 kg. m
-3
 and 1590 kg. m
-3
, respectively. 
2.2 Multi-objective optimisation 
2.2.1 Formulation of optimisation problem 
The general mathematical formulation of a multi-objective optimisation problem is 
presented in equation 1 
 {
𝑀𝑖𝑛𝑖𝑚𝑖𝑠𝑒 𝑓(𝑥) = [𝑓1(𝑥), 𝑓2(𝑥), … . , 𝑓𝑖(𝑥)]
𝑠. 𝑡 𝑥𝑙 ≤ 𝑥 ≤ 𝑥𝑢
 1 




 are respectively 
the lower and upper limits of the design variables, f(x) is the objective function. 
The tabletting process can be optimised in different ways depending on various 
criteria, such as precise shape, friction coefficient, punch forces, die pressure or 
uniform distribution of mechanical properties. The design variables can be selected 
to represents the process parameters, such as compaction velocity, punch forces and 
dwell time, or the geometrical parameters such as die diameter and punch curvature. 
The optimal design criterion of this study is focused on the shape optimisation to 
6 
 
achieve a high quality compact. Defining the relationships between key compaction 
attributes and the geometrical parameters will lead to a better tabletting process. 
Thus, the geometrical parameters of the convex-faced tablets including the diameter 
(D) and radius of curvature (R) are considered as unknown design variables. Also, it 
is well reported in the literature, [14], [23] , that the friction between the compaction 
tools and the powder have a dramatic influence on the performance of the final tablet 
and for this the friction coefficient (𝜇) was taken as a design variable in this study to 
investigate the role of frictions on the compaction responses. Among the various 
compaction responses, the maximum variation of relative density, residual die 
pressure, and the relative shear stress affecting the edge of the tablet were selected as 
the responses of interest in this study. These responses have a great influence on the 
quality and success of the tabletting process. The relative density variation is the 
difference between the maximum and minimum values of relative density in the final 
CF tablet as shown in equation 2 
 𝑅𝐷𝑉 = |𝑅𝐷𝑚𝑎𝑥 − 𝑅𝐷𝑚𝑖𝑛| 2 
Where RDV is the relative density variation, 𝑅𝐷𝑚𝑎𝑥 𝑎𝑛𝑑 𝑅𝐷𝑚𝑖𝑛 are the maximum 
and minimum relative densities observed within the CF tablet. 
It is well established that a pharmaceutical tablet contains a non-uniform density 
distribution due to inherent frictional effect between the powder and compaction 
tooling. Regions of lower density have lower mechanical strength thus prone to 
defect occurrences such as capping. Additionally, the density variation leads to 
different properties in different regions inside the tablet and this affects the 
mechanical responses of the tablet during post-compaction processes, such as 
coating, transportation, packing, as well as dissolution behaviour. Thus, minimising 
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the relative density variation is vital for attaining a tablet with uniform mechanical 
properties and improving tablet quality.  
Residual die pressure was selected as the second optimisation objective in this study 
due to its role in capping of CF tablets. Many studies have reported that tablets with 
greater residual die pressure (RDP) at the end of unloading stage have higher 
capping tendency [16], [20]. High RDP at the end of unloading promotes larger 
shear stresses inside the compact which could exceed tablet strength causing 
capping. On the removal of the upper punch on completion of compaction and while 
the tablet is still inside the die, the tablet is compressed radially by the residual die 
pressure (RDP). Figure 1 shows the stress state of a tablet at the end of 
decompression stage and represented by Mohr circle. It is evident from this figure 
that the higher RDP produce higher shear stress which may lead to cracks inside the 
tablets. Additionally, the RDP dominates the stresses generated during the ejection 
phase. The higher RDP infers greater contact between the powder and the die wall 
and this gives rise to a greater ejection force which induces greater stresses during 
the ejection phase and this may lead to various defects. Thus, minimising the RDP 
leads to less capping tendency of the produced tablets.  
Typically, chipping failure of a pharmaceutical tablet occurs at its edge which is 
due to the high stress concentration caused by the radial elastic recovery of the tablet 
as it emerges from the die during the ejection phase [6]. If the stress generated during 
the ejection phase is greater than the strength of tablet, edge chipping failure occurs. 
The strength of a region inside a compact can be linked to its Relative Density (RD) 
as higher RD deduces more material is placed in the region and thus higher strength. 
In order to estimate the edge chipping failure tendency of a tablet in this study, a new 
measure called as Relative Shear Stress (RSS) which represents the ratio between the 
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shear stress generated at the edge region during the ejection and relative density of 






Where τE and RDE are the shear stress and the relative density of the edge region 
calculated at the instant the tablet emerges from the die. RSS measures the relative 
effect of the shear stress generated during the ejection to the strength of that region. 
The higher magnitude of RSS infers higher tendency of edge chipping and vice-
versa. Thus, the RSS was selected as the third design response as an estimation of 
the chipping occurrence during the ejection.    
2.2.2 Surrogate modelling 
In order to generate a solution for the optimisation formula as denoted in equation 1, 
the compaction responses of interest, in this study RDV, RDP, and RSS should first 
be described mathematically. However, the powder compaction process is a highly 
nonlinear mechanics problem therefore it is challenging to establish a suitable 
analytical solution for it. Thus as an alternative to analytical models, Response 
Surface Methodology (RSM) was used to construct models which relate the 
compaction responses to different design variables. The advantage of employing 
RSM is that the compaction behaviour of powders in a particular design space can be 
identified through performing a reduced number of experiments at sampling design 
points. The sampling design points can be generated using different methods offered 
by Design of Experiment (DoE) such as factorial, Box–Behnken design (BBD), 
central-composite design (CCD), D-optimal. The adequacy of the developed 
Response Surface (RS) models is verified via the analysis of variance (ANOVA) to 
9 
 
confirm their capability in predicting the compaction responses. Different statistical 
measures were used to inspect the statistical significance of the RS models such as 
R-square parameter, Adjusted R-square, and Adeq Precision. Once the RS models 
have been developed and tested for adequacy, they can be used in the multi-objective 
optimisation formula. 
2.2.3 Optimisation algorithm  
Typically, the solutions of the multiobjective optimisation problem, as shown in 
equation 1, can be obtained by two methods. The first method aims to investigate 
each of the objective functions independently and yield multiple optimum candidates 
that are known as the ‘Pareto optimal’ solutions. The ‘Pareto optimal’ solutions can 
be found using several optimisation algorithms such as Genetic Algorithm (GA) 
[24]–[26], Swarm Optimisation (MOPSO) algorithm and so on. Alternatively, the 
second solution method combines all multiple responses into a single non-dimension 
cost objective function, called an overall desirability function or cost objective 
function, in terms of a relative performance measure and generates one solution for 
the optimisation problem. This solution method can be applied by using weighted 
average method or the desirability approach. In fact, the desirability approach 
converts the multi-objective optimisation problem into a single objective problem by 
formulating the overall desirability function. This desirability function takes a value 
between 0 and 1 and the optimal solution is the one with the greatest desirability, i.e. 
the value of the desirability function is closer to 1 [27].  
In the current study, the multi-objective optimisation formula is solved using the 
desirability approach [27]–[30]. This technique has received considerable attention 
for solving the multi-objective optimisation problems due to its simplicity, relatively 
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low computational cost and rapid convergence. The main steps for generating the 
optimal solutions of the multi-objective problem using the desirability approach is 
shown in Figure 2. 
2.3 Simulations 
The experimental measurements of tablet local density and residual die pressure 
require non-standard instrumented compaction equipment which involves, to some 
extent, significant set-up and cost. However, such information can be readily attained 
by developing computational model of the compaction process such as FEM. The 
Finite Element Method (FEM) is widely used in lieu of experimental work for fast 
and time-effective engineering design. It has been proven, in many previous studies, 
that FEM is a very effective analysis and optimisation tool for various powder 
compaction applications including the tabletting process. 
2.3.1 FE model  
A commercial finite element package, ABAQUS (Dassault Systèmes, Vélizy-
Villacoublay, France), was employed for creating the FE models of the die 
compaction for pharmaceutical powders. The finite element model consists of the 
upper and bottom punches, die walls, and the powder bed.  The upper punch was 
modelled as a rigid body and constrained to move vertically along the y-axis. The 
bottom punch and die walls were also modelled as rigid entities with all rotations 
and translations being fixed. The powders were modelled as continuum media by 
using a 2D-axisymmetric stress element (CAX4R) that has four nodes. Elastic–
plastic material model based on Drucker–Prager Cap (DPC) model was employed to 
represent the behaviour of the powder during the compaction. The DPC model [31] 
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is used significantly for modelling pharmaceutical tablet [12], [8], [22] and [16] due 
to its capability of representing the various phenomena associated with compaction 
such as shear flow, densification and hardening. A hardening mechanism was used to 
include the hardening behaviour of the powder during the process. The DPC model 
parameters of MCC and the calibration procedure were reported by same authors 
previously [32]. The user subroutine “USDFLD” was developed to update the 
material properties in relation to relative density changes. A surface to surface 
contact type with finite sliding formulation was employed to define the contact 
between the powders and compaction tools. All models were subjected to 
axisymmetric boundary conditions in order to reduce simulation solving times. Large 
strain deformation was incorporated to the finite element model as powders 
experience significantly high compaction displacement. The loads were defined by 
applying the predefined displacement on the pilot node, which was also used to 
gather the reaction force from each node. Figure 3 illustrates the axisymmetric finite 
element model of the MCC powder. 
2.3.2 Experimental set-up for validation of FE model 
In order to check the predictive capabilities of the constructed Finite Element (FE) 
model, the predictions of FE model were compared against experimental 
measurements attained from a hydraulic compactor (INSTRON Model #8872). A 12 
mm cylindrical die and convex-faced punches with a radius of curvature equal to 24 
mm were used to compact MCC powder. A specific quantity of MCC was 
compressed by the upper punch to different levels of compaction pressure ranging 
from 20 to 50 MPa. The compression (loading) and decompression (unloading) 
speed was set to 3 mm s
-1
. The load transducer was accurately calibrated to ensure 
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the reliability of the measurements. The parameters of the upper punch displacement 
and force were measured every 0.1 ms. In order to minimise the influence of the 
friction between the compaction tooling and the powders, a small quantity of 
magnesium-stearate was used to lubricate the die wall and punches. On completion 
of compaction, the tablet was ejected from the die where its dimensions and weight 
were recorded to determine its corresponding density.  
3 Results and discussion 
3.1 Validation of FE model 
To validate the FE model in this study, axial pressure as a function of axial 
displacement; and thickness of tablet as a function of compaction pressure were 
considered. These parameters were used for validating the FE model of a tableting 
process in previous studies [10], [12], [13], [19]. The accurate prediction of the tablet 
thickness not only ensures that the simulated tablet has an identical shape to the 
actual tablet one but also indicates that both tablets have the same average density 
and thus have comparable density variation within the tablet. Since RDP was taken 
as a response in this study, the axial pressure is another important parameter to be 
considered for FE model validation. It is known that the axial to radial stress 
transmission during the decompression stage is a function of the Poisson’s ratio of 
the powder [12]. Thus, the accurate numerical prediction of the maximum axial 
pressure applied to the powders at the end of the compaction stage indicates that the 
FE model can provide accurate prediction of the residual die pressure at the end of 
decompression stage.         
A FE element model was constructed where the initial height of the powder model 
was set to 9.5 mm corresponding to approximately 0.465 g of MCC used in the 
13 
 
experiments. A friction coefficient value of 0.1 was employed for all contact pairs. 
This value of friction coefficient was also used by other researchers, [33] and [13], 
for similar investigation. Figure 4 presents a comparison between experimental 
measurements and predicted FE results. It can be seen from Figure 4 (a) that the 
numerical model slightly overestimates the axial pressure during the early and 
middle stages of the loading phase and then it starts providing very good predictions 
towards the end of this phase. For the unloading phase, the numerical model shows 
less elastic recovery than the experiments and this could be attributed to non-linear 
elastic behaviour of the powder which is not well captured by the DPC model [16], 
[33]. Overall, the simulation results provide good agreement with experimental 
results and this indicates that the developed FE model is sufficiently accurate and 
can subsequently be used as a robust tool to predict the responses of the tabletting 
process. 
3.2 Development and accuracy of the RS models 
Central-composite design (CCD) was selected to construct the sampling design 
points. CCD is a highly efficient method that reduces the number of required runs for 
constructing high quality RS models. The geometrical parameters of the convex 
tablet, including radius of curvature (R) and die diameter (D), and friction coefficient 
(𝜇) were selected as design variables. In order to ensure that the aforementioned 
parameters are the only variables within this study, the same quantity of MCC 
powder and same compaction pressure were used for all design points. This means 
that, among all design points, initial heights of powder beds, the total travel distances 
of the top punch, the thicknesses of the tablets were all different.  The upper and 
lower limits of the geometrical parameters with all sampling points are illustrated in 
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Table 1. The limits of the geometrical parameters, as shown in Table 1,  yields 
diameter to curvature (D/R) ratios which are within the standard used by the 
manufacturers for micro and shallow convex-faced tablets [34]. FE models were 
created for the tabletting process representing the sampling design points and the 
responses of interest (RDV, RDP, RSS) were determined as shown in Table 2. The 
RS models of the RDV, RDP, and RSS compaction responses in terms of the 
geometrical factors are outlined in equations 4, 5, and 6 respectively 




(𝑅𝐷𝑃)−3  = 4.99 × 10−3 − 3.97 × 10−4 × 𝐷 + 4.75 × 10−5 × 𝑅 − 7.85
× 10−4 ×  𝜇 
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(𝑅𝑆𝑆)−2.16  = −2.035 + 0.1568 × 𝐷 + 0.108 ×  𝑅 + 0.560 ×  𝜇 + 5.52
× 10−3 × 𝐷 × 𝑅 − 0.116 × 𝐷 × 𝜇 − 0.036 × 𝑅 × 𝜇
− 0.0127 × 𝐷2 − 3.264 × 10−3 × 𝑅2 + 3.212 × 𝜇2 
6 
Analysis of variance (ANOVA) was performed to verify the adequacy of the 
generated RS models. Table 3 summarises the statistical measurements for the 
aforementioned RS models for RDV, RDP and RSS. It can be seen that all models 
show high F-value and very low p-value which confirm that these models are 
significant. Additionally; the adequate precision ratios of all models are higher than 
4 which illustrates that the models yield minimal noise. Furthermore, the models 
exhibit high R-squared (coefficient of determination) values and they also 
demonstrate an excellent agreement between the predicted R-squared and adjusted 
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R-squared. The relationship between the numerical results, obtained from FE 
simulations, and those predicted by the RS models at the design points are shown in 
Figure 5. It is clear that all RDV, RDP, and RSS values lie on the best-fit line (diagonal 
line) and this means that the RS models have excellent predictive capabilities. To 
further confirm the accuracy of the RS models, four simulations at independent 
confirmation points, within the design space, were performed. The compaction 
responses, obtained from FE modelling of the confirmation points, were compared 
with those predicted by the RS models and excellent agreement was obtained, as 
shown in Table 4. All of the aforementioned measurements prove that the developed 
RS models are accurate and valid and thus they can be used to navigate the whole 
design space and in the further optimisation design.  
3.3 Parametric analysis 
The RS models developed in the previous section are used to perform a parametric 
analysis of the tabletting process  
3.3.1 Effect of design variables on RDV  
It is important to consider how the relative density (RD) changes in CF tablets prior 
to investigating the effects of geometrical parameters on relative density.  Figure 6 
presents the final relative density distribution for convex-faced tablets with different 
geometrical dimensions at the end of decompression stage. It can be seen that all CF 
tablets show similar pattern of RD distribution in which high density region develops 
at the top corner of the moving upper punch while the low density region forms at 
the centreline of the tablet. The non-uniform distribution of density in CF tablets is 
caused by the frictional effects and the geometrical shape of the punch. Concave-
shaped punches do not generate uniform pressure along the tablet’s diameter. At the 
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beginning of the tabletting process, the concave-shaped punch comes first in contact 
with the regions at the top corner of the powder bed inducing a local densification in 
these locations which tends to propagate vertically and radially. With the frictional 
effect between the powder and compaction tools, the radial and vertical motions are 
limited and thus the densification is restricted at the top circumference of the 
powder. As the compaction process progress, the upper punch continues to move 
downward and starts interfacing with the central region of the powder bed and only 
then the powder in this region starts to densify leading to a formation of less 
compressed region around the top central of the tablet.   
Figure 7 illustrates the variation of the RDV with diameter and radius of curvature 
for two different friction coefficients. It is seen that the RDV increases as D 
increases, R decreases, and 𝜇 increases. To understand this trend, a schematic 
diagram of a concave punch face with different sizes is presented in Figure 8. It can 
be seen that by increasing D or decreasing R, the punch depth at the central axis 
increases and this delay the compression of the central region comparing to the top 
circumferential region leading to a greater variation in the density between the two 
regions. Also, increasing the friction coefficient creates more resistance towards 
powder motion in the axial and radial directions restricting the densification more at 
the top corner and resulting a higher RDV. It is apparent that a CF tablet with D of 
12 mm, R of 22 mm, and 𝜇 of 0.3 demonstrates the greatest changes in local relative 
density. It yields approximately 122% higher RDV than a tablet with a diameter of 
10 mm, radius of curvature of 26 mm and friction coefficient of 0.1.  
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3.3.2 Effect of design variables on RDP  
The radial pressure in this study was calculated, from the numerical models, by 
dividing the normal contact force between the powder and the die-wall by the area of 
the total contact surface.  
Figure 9 demonstrates two 3D surface plots of RDP with D and R for friction 
coefficients of 0.1 and 0.3, respectively. It is evident from this plot that RDP 
increases when the diameter increases, radius of curvature decreases, and friction 
increases. For example, when R equals to 22 mm and 𝜇 equals to 0.1, increasing the 
die diameter from 10 mm to 12 mm increases the magnitude of RDP from 7.9 MPa 
to 9.4 MPa; which account for a 20% increase in RDP. Similarly, for R equals to 22 
mm and D equals to 10 mm, increasing the friction coefficient from 0.1 to 0.3 lead to 
an increase of approximately 35% in the RDP. Obviously, the CF tablet with D of 12 
mm, R of 22 mm, and 𝜇 of 0.3 has the highest RDP. In order to understand how the 
geometrical parameters affect the RDP, a closer look at the decompression stage is 
required. Mazel et al [16] analysed the unloading stage of the biconvex tablet where 
they observed that the contact between the upper punch and tablet was lost gradually 
causing some radial elastic recovery of the convex part of CF tablet which in turn 
gave rise to an increase of the residual die pressure. With increasing D and/or 
decreasing R, the size of the convex part, as it can be estimated from Figure 8, 
becomes bigger which in turn may induce greater radial relaxation of the top central 
curved region upon the removal of the top punch leading to greater RDP. 
In order to explain the relationship between the RDP and the stresses generated 
inside the tablet, Figure 10 was generated. This figure shows axial stress distribution 
at the end of decompression of CF tablets with different dimensions. It is evident that 
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CF tablets contain regions under the effects of tensile stresses. These regions are 
risks areas which promote crack formation leading to capping and/or lamination 
failures of the tablets [35]. It is obvious that with increasing D and/or decreasing R, 
greater magnitudes of tensile stresses are produced at the risk regions and this could 
be directly linked to the higher values of RDP.  
3.3.3 Effect of design variables on RSS  
As previously explained in section ‎2.2.1, during the ejection phase as the tablet is 
emerging from the die, a radial relaxation occurs causing a very high stresses 
concentration in the corner region, as shown in Figure 11. These stresses may create 
cracks in that region leading to a failure mode known as edge chipping. However, if 
the edge region is compressed well and has sufficient strength, it can sustain the high 
stress and thus the edge chipping is less likely to occur. In order to attain a better 
estimation of the chipping occurrence, the Relative Shear Stress is introduced in this 
study which combines the stress generated during the ejection with the relative 
density of that region as an indication of its strength. The variation of RSS with the 
design variables is shown in Figure 12. It is clear that the RSS increases as diameter 
increases, radius of curvature decreases, and friction coefficient increases. The 
smallest value of RSS, which corresponds to design variables of D=10 mm, R=26 
and 𝜇=0.1, is approximately 20% less that the largest value observed at design 
variables of D=12 mm, R=22, and μ=0.3. Punches with smaller R generate tablets 
with higher relative density at the edge region, as it can be shown in Figure 6, which 
is good for resisting edge chipping. However, it seems that tablets with smaller R 
store more elastic energies in the corner region after the unloading phase which 
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induces higher shear stress during the ejection leading to higher tendency of edge 
chipping. 
3.4 Optimisation results 
The multi-objective optimisation formula in terms of RDV, RDP, and RSS as design 
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The above equation was solved using desirability approach. Figure 13 shows a 
contour plot of the desirability objective as a function of geometrical parameters; i.e. 
D and R, at the upper and lower conditions of friction. It is apparent that higher 
desirability can be achieved by reducing the diameter D and increasing the radius of 
curvature R. The greatest desirability can be attained in the tablet with greater R, 
smaller D and smaller 𝜇. Thus, the one can conclude that the optimal shape of the 
convex-faced tablets can be obtained by reducing the diameter, and increasing the 
radius of curvature, and decreasing the friction coefficient. Practically, increasing the 
radius of curvature of the punch indicates that a better design can be attained when 
using a Flat-Faced (FF) punch as the flat surface can be considered as a convex 
surface with an infinite R. To further investigate this, a finite element model of the 
flat-faced tablet, with the same quantity of powder and die diameter as in the optimal 
CF tablet, was created and the compaction responses were compared with optimal 
shape of CF tablet. Figure 14 compares the compaction responses in the optimal CF 
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and FF tablets. The calculated RDV in FF tablet is 0.046 while it is equal to 0.091 in 
CF tablet which infers that FF tablet contains less RDV than the CF tablet. 
Furthermore, the RSS of a FF tablet is 1.138 MPa and it is 47% smaller than that 
obtained during the producing of the optimal CF. Additionally, from Figure 14 (c), 
which shows the evolution of the die-wall pressure as a function of the radial 
pressure for FF and CF tablets, it is evident that a greater magnitude of RDP is 
evolved during the production of FF tablets. Similar observations were also reported 
in another study [16]. Therefore, from the above findings, it can be concluded that 
FF tablets are preferable over the CF tablets as they provide more desirable 
compaction responses in terms of RDV, RPD, and RSS. It should be noted that if no 
capping or chipping occurred during the compaction process, the CF tablet perform 
better than the FF configuration during the post-compaction processes such as 
coating, packaging, or handling.  
4 Conclusion 
Multi-objective optimisation study was performed on convex-faced pharmaceutical 
tablets based on numerical simulations and desirability approach.  The goal was to 
study the effects of geometrical parameters and friction on the compaction responses 
and also to determine the optimal combination of these parameters for producing 
high quality CF tablets. RSM was used to develop models for the compaction 
responses as functions of geometrical parameters. The residual die pressure (RDP), 
after the decompression phase, and the variation of relative density within the tablet 
(RDV), and the Relative Shear Stress (RSS) were selected as the compaction 
responses of interest. These responses were observed to increase when increasing the 
diameter and friction coefficient, and decreasing the radius of curvature of CF 
21 
 
tablets. Furthermore, the RS models were implemented in an optimisation algorithm 
to determine the geometrical parameters that satisfy best the three design 
requirements of tabletting including minimising the RDV, RDP, and RSS. The 
optimisation results indicated that the optimum configuration of CF tablets is the one 
that has a smaller diameter and greater radius of curvature. Therefore, it can be stated 
that in order to mitigate the failure risks during the compaction of CF tablets, it is 
preferable to produce tablets with smaller R/D ratio. Finally, the optimal 
configuration of CF tablet was compared against the FF tablet exhibiting that the 
latter have more favourable RDV, RDP, and RSS compaction responses.  
In summary, the results obtained from this study shows that the quality of the CF 
tablet can be controlled by the proper selection of its dimensions including both the 
curvature and the diameter. Thus, the approach adopted in this paper could be of 
importance for engineers in the field of improving the quality of pharmaceutical 
products by design.  
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Figure 4: Comparison of experimental and numerical simulations: (a) axial pressure 







Figure 5: Comparison of numerical values (gained from FE simulations) against 



























































Figure 14: Comparison of FF and optimal CF tablets: (a) Relative Density (RD) 
distribution (b) Shear stress distribution within the tablet as it emerge from the die 










Table 1: Design variables with their associated upper and lower limits 
 
Design variable Lower limit Upper limit 
D 10 mm 12 mm 
R 22 mm 26 mm 





Table 2: Design matrix 
Run D R 𝜇 RDV RDP RSS 
1 11 24 0.1 0.121 8.349 2.231 
2 10 22 0.3 0.138 8.270 2.575 
3 12 24 0.2 0.180 9.474 2.984 
4 12 22 0.1 0.162 9.465 2.571 
5 12 26 0.3 0.179 9.310 3.180 
6 10 24 0.2 0.118 7.974 2.582 
7 11 24 0.3 0.146 8.538 2.516 
8 11 22 0.2 0.144 8.645 2.880 
9 11 24 0.2 0.138 8.454 2.602 
10 10 22 0.1 0.102 7.937 2.305 
11 12 22 0.3 0.203 10.044 3.640 
12 10 26 0.1 0.091 7.744 2.269 
13 12 26 0.1 0.154 9.138 2.143 
14 11 26 0.2 0.130 8.292 2.660 






Table 3: Summary of ANOVA analysis for the generated models of RDV, RDP, and 
RSS responses 
Model F-Value P-Value 
Statistical measurements 
R2 Adj-R2 Pre-R2 Adeq Precision 
𝑅𝐷𝑉 = 𝑓(𝐷, 𝑅, 𝜇) 107.94 <0.0001 0.96 0.95 0.93 33.673 
𝑅𝐷𝑃 = 𝑓(𝐷, 𝑅, 𝜇) 210.09 <0.0001 0.98 0.97 0.96 42.187 
𝑅𝑆𝑆 = 𝑓(𝐷, 𝑅, 𝜇) 27.22 0.001 0.98 
 





Table 4: Validation data of RS models of RDV, RDP, and RSS responses 
 D R 𝜇  RDV RDP RSS 
CP1 10.5 23 0.1 
FEM 0.112 8.070 2.32 
RSM 0.111 8.121 2.28 
Error (%) 0.893 0.630 1.17 
CP2 10.5 25 0.1 
FEM 0.106 8.019 2.2 
RSM 0.105 8.001 2.143 
Error (%) 1.160 0.215 2.5 
CP3 11.5 23 0.3 
FEM 0.182 9.28 3.01 
RSM 0.179 9.25 2.98 
Error (%) 1.6 0.3 0.9 
 
